Abstract
Introduction
Diabetes mellitus, one of the most severe metabolic disorders in humans globally, is characterized by insulin resistance and impaired insulin secretion [1] . Diabetes causes numerous complications, such as retinopathy, renal failure, cardiovascular disease and autonomic neuropathy [2] . Evidence suggests that diabetes also affects the central nervous system, including the hippocampus, a part of the limbic system, which is associated with cognitive functions [3] . Several studies [4, 5] have revealed the tight association of diabetes with cognitive impairment and dementia. It is estimated that 382 million adults had diabetes in 2013, and this number is predicted to reach 592 million in 2035 [6] . The increasing incidence of diabetes causes a serious socioeconomic burden. Nevertheless, the precise mechanisms underlying diabetes-related cognitive deficits are still elusive. Therefore, the mechanisms of and effective treatment for cognitive impairment in diabetes mellitus are urgently needed.
Resveratrol is a natural phenolic compound enriched in the skin of red grapes and red wine and also found abundantly in Polygonum cuspidatum. Several studies have demonstrated that resveratrol has a variety of biological and pharmacological effects, including cardioprotective, antioxidant, anti-inflammatory, and antiapoptotic activities [7] [8] [9] [10] [11] [12] . Some studies have used resveratrol to reverse cognitive deficits in alcohol-and diabetesinduced cognitive deficits in rats [13, 14] . However, the potential neuroprotective effects of resveratrol against cognitive decline and the mechanisms remain unknown. The purpose of our research was to explore whether resveratrol could prevent memory deficit in STZinduced diabetic rats and, if so, what its possible mechanisms are.
Materials and Methods

Animals
Sixty healthy male Sprague Dawley rats (2 months old, 180-210 g) were obtained from the Animal Center of Tianjin. All of the experiments were performed in compliance with the regulations approved by the ethics committee of Tianjin Huanhu Hospital. Rats were housed in a room, at 21-25°C in a 12-hour lightdark cycle. All rats had access to food and water ad libitum. All efforts were made to reduce the number of animals used and their suffering.
Model induction and drug administration
Animals were randomly divided into four groups: normal control group (Con group, n = 15), Res group (normal Sprague Dawley rats treat with resveratrol, n = 15), diabetes mellitus group (DM group, n = 15) and DM + Res group (diabetic rats treat with resveratrol, n = 15). Thirty rats (DM group and DM + Res group) received STZ (abcam, 60 mg/kg, dissolved in normal saline) by intraperitoneal injection. Diabetic models were considered to be successful if blood glucose levels were above 16.7 mM at 72 hours after STZ injection (blood samples were taken from the tail vein to measure glucose levels). 15 rats without STZ injection were used as a normal control. One week after diabetic model induction, the animals in Res group and DM + Res group received resveratrol (Sigma, 80 mg/kg, 10 ml/kg) intraperitoneally once a day for consecutive 4 weeks, while the animals from other groups received saline intraperitoneally.
Morris water maze
On the first day following the last treatment, all rats were subjected to the Morris water maze (MWM) test to assess cognitive ability. Tests were carried out at a fixed period of time every day for 5 consecutive days. A black cylindrical tank (120 cm in diameter) was filled with water (20-24°C), made opaque with a nontoxic acrylic black color. The tank was divided into four quadrants and a circular escape platform 10 cm in diameter was placed at a fixed position in the center of the target quadrant. The platform was 2 cm under the water surface. A camera was placed above the center of the maze, and a tracking system was used to record the performance of rats. The time taken to escape onto the hidden platform (escape latency) and swimming speed were measured. If a rat failed to reach the platform within 120 s, it was guided onto the platform (were it was kept for 20 s), and the latency was recorded as 120 s. In the probe trial (day 6), the platform was removed, and the rats were allowed to search for the missing platform for 120 s. The frequency of platform crossings and time spent in the target quadrant were recorded.
Blood glucose testing
Blood samples were taken from the tail to measure glucose levels. At onset of the test and after behavioral studies, animals underwent fasting overnight, and blood glucose levels were measured with a portable glucometer (Roche, Switzerland).
Western blot
Hippocampi were dissected, rapidly frozen and kept at −80° C for further use. Tissues were homogenized with ice-cold radioimmunoprecipitation assay lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, pH 7.4). Hippocampal lysates were separated by 12.5% SDS-PAGE and transferred onto polyvinylidene fluoride membranes. Membranes were blocked with 5% non-fat milk for 1 h at room temperature and then incubated overnight at 4° C with the following primary antibodies: Caspase-3 (1:1000, Abcam, USA), Bcl-2 (1:500, Abcam, USA), Bax (1:1000, Abcam, USA), NMDAR1 (1:1000, Abcam, USA), BDNF (1:2000, Abcam, USA) and β-actin (1:2,000, Abcam, USA). The membranes were incubated with the secondary antibodies for 1 h at room temperature. The membranes were detected using a chemiluminescent system. The bands were quantified using the Quantity one software.
Statistical analysis
Data are presented as the mean ± SD. In the MWM test, escape latency was analyzed by two-way ANOVA followed by LSD post hoc test. All other data were analyzed by one-way ANOVA. Statistical analysis was performed using SPSS 13.0 software. p<0.05 was considered to be statistically significant.
Results
Resveratrol reversed cognitive impairments in diabetic model rats
We evaluated the learning and memory ability in different groups using the MWM experiment to determine whether resveratrol reversed cognitive impairments (Fig. 1) . The escape latency to find the platform was significantly increased in DM group compared to Con group. However, the escape latency was significantly decreased after 4 weeks of resveratrol administration (Fig. 1A) . In the probe test, the platform was removed. The time spent in all quadrants is presented in Table 1 . The frequency of platform crossings and time spent in the target quadrant was significantly lower in the DM group than in the Con group (Fig. 1B  and Fig. 1C ). By contrast, the time and frequency was significantly increased in the DM + Res group compared to the DM group. There were no significant differences in swimming speed among different groups (Fig. 1D ). There were no significant differences in cognitive ability between the Con group and the Res group, indicating that resveratrol did not influence cognition in normal SD rats. 
Resveratrol decreased the blood glucose in diabetic model rats
The blood glucose levels at the onset of the experiment showed no significant differences among the groups. The blood glucose levels of DM groups were significantly higher than the Con group at the end of the study. After the administration of resveratrol, the glucose levels were markedly decreased compared to the DM group (see Table 2 ). There were no significant differences between the Con group and the Res group.
Bcl-2, Bax and Caspase-3 protein expression
Western blot results show that the expression of Bcl-2 in the DM group was significantly lower than the Con group. However, resveratrol was shown to increased Bcl-2 expression (Fig.  2) . Compared to the Con group, the expression of hippocampal Bax (Fig. 3) and Caspase-3 (Fig. 4) was increased in the DM group. However, hippocampal Bax and Caspase-3 protein expression was significantly decreased after 4 weeks of resveratrol administration. These results indicate that diabetes mellitus inhibits Bcl-2 expression and enhances hippocampal Bax and Caspase-3 expression. Furthermore, resveratrol treatment enhances the expression of Bcl-2 and inhibits Bax and Caspase-3 expression in the hippocampus.
Resveratrol upregulated the decreased expression of NMDAR1 and BDNF
Western blot results show that the expression of NMDAR1 and BDNF in the DM group was significantly lower than the Con group. However, resveratrol upregulated their expression after 4 weeks of administration (Fig. 5) . These results indicate diabetes mellitus inhibits NMDAR1 and BDNF expression and resveratrol treatment enhances their expression.
Discussion
It has been shown that diabetes mellitus is accompanied by cognitive declines and associated with an increased risk of dementia [15] . In the present study, MWM results showed that there are significant differences between normal and diabetic rats, indicating that diabetes is related to cognitive impairment. This finding is consistent with previous research. Resveratrol is a natural phytoalexin enriched in grapes and red wine and has a variety of biological and pharmacological effects, such as cardioprotective, antioxidant, and anti-inflammatory activities. The impairment of cerebral vessels is a postulated underlying mechanism for diabetes mellitus-related cognitive declines [16] . A recent investigation has provided the first clinical evidence of an acute enhancement of cerebrovascular responsiveness following administration of resveratrol in this population, who are known to have endothelial dysfunction and subclinical cognitive dysfunction [17] . The research reported that maximum improvement was observed with the lowest dose used. This result is different from another randomized, double-blind, placebo-controlled, crossover study, which indicated that resveratrol administration resulted in dose-dependent increases in cerebral blood flow (where the 500-mg dose of resveratrol was more effective than the 250 mg dose) [18] . This finding suggests that the most effective dose of resveratrol for improving cerebral blood flow may differ from age and the variety of disease. Although many studies have reported the close association between resveratrol and cognitive ability, the underlying mechanisms remain unclear. Therefore, we explored the effects of resveratrol on learning and memory ability in STZ-induced diabetic rats. Data reveal that resveratrol reverses the memory impairment and high glucose caused by diabetes. Resveratrol have no effect on normal SD rats, indicating the effect of resveratrol is a diabetes-specific effect. Our research suggests that resveratrol is a potential therapeutic and neuroprotective drug against cognitive impairment in STZ-induced diabetic model rats.
Apoptosis is an important physiological cell death process that regulates cellular homeostasis and developmental biology. Apoptosis is an important mechanism for hyperglycemia-induced hippocampal neuronal cell death. Several proteins are related to apoptosis, and the most important are caspase enzymes and proteins of the Bcl-2 family. Caspase enzymes are key regulators of apoptosis, and caspase-3 is an important protein of this family, which plays a crucial role in promoting cell apoptosis [19] . The two main groups of Bcl-2 family, Bcl-2 and Bax proteins, are functionally opposed: Bcl-2 is the key cell apoptosis inhibitory protein, whereas Bax acts to promote apoptosis [20, 21] . The effect of Bax is achieved by releasing cytochrome c, which then activates caspase-3, which forms a heterodimer with Bcl-2. Therefore, the relationship between resveratrol and the changes in Bax, Bcl-2, and caspase-3 expression is intriguing. To explore the mechanisms underlying the therapeutic and neuroprotective effects of resveratrol in diabetic rats, we examined the expression of Bcl-2, Bax, and Caspase-3. Our results showed that hippocampal Bcl-2 was decreased, while Bax and Caspase-3 were increased in diabetic rats. However, resveratrol reverses the alteration of Bcl-2, Bax and Caspase-3 levels. These data indicate that resveratrol ameliorates the cognitive decline in STZ-induced diabetic rats, at least partly, through inhibiting hippocampal apoptosis via Bcl-2, Bax and Caspase-3 signaling pathways.
The N-methyl-d-aspartic acid receptor (NMDAR) is an important regulator of synaptic plasticity and is closely related to cognitive ability. NMDAR expression is downregulated in AD patients and models, inhibition or blockade of NMDAR results in cognitive decline [22, 23] . To explore the mechanism of resveratrol on cognitive ability in STZ-induced diabetic rats, we measured hippocampal NMDAR1 protein expression. The results indicate that diabetes mellitus inhibits NMDAR1 expression, while resveratrol treatment enhances their expression. This conclusion might imply that resveratrol ameliorates diabetes-induced cognitive impairment via modulating synaptic plasticity, but the mechanism of the effects of resveratrol on cognition, apoptosis and synaptic plasticity requires further investigation.
Brain Derived Neurotrophic Factor (BDNF), a member of the neurotrophin family of growth factors, is abundant in the central nervous system. Recent studies indicate that BDNF plays an important role in the regulation of hippocampal synaptic plasticity [24] . BDNF has also been reported to be an important regulator of neuronal apoptosis [25, 26] . In the present study, we found that after diabetic modeling, BDNF expression was decreased, while resveratrol treatment reversed the down-regulation. BDNF might play a crucial role in the resveratrol-induced regulation of synaptic plasticity and neuronal apoptosis.
